Introduction
The F-ATPases in mitochondria, similar to their counterparts in chloroplasts and eubacteria, are multisubunit membranebound complexes that couple the transmembrane proton motive force to the synthesis of ATP from ADP and orthophosphate (Boyer, 1998; Walker, 1998) . They consist of two main structural domains, a globular catalytic domain known as F 1 and a membrane domain known as F o , linked together by a central stalk and a peripheral stalk . In mitochondria, the F 1 domain (an assembly of subunits a, b, g, d and e in the ratio 3:3:1:1:1) extends into the matrix of the organelle. The g-, d-and e-subunits form the central stalk in which an elongated a-helical coiled-coil in the g-subunit penetrates into the a 3 b 3 subcomplex along its axis of pseudo three-fold symmetry (Abrahams et al, 1994; Gibbons et al, 2000) . Its lower region, including its foot, is exposed between the a 3 b 3 subcomplex and F o , and the foot makes an extensive area of contact with a ring of c-subunits buried in F o (Stock et al, 1999) . Synthesis of ATP in the catalytic b-subunits at interfaces with non-catalytic a-subunits depends upon the rotation of the central stalk (Noji et al, 1997) and the c-ring as an ensemble (Sambongi et al, 1999; Stock et al, 1999) . The rotation is driven by the passage of protons from the inter-membrane space into the matrix via channels at the interface between the external surface of the c-ring and a hydrophobic membrane subunit known as a (or ATPase-6). The peripheral stalk links subunit a to the external surface of the F 1 domain, and it is thought to act as a stator to counter the tendency of the a 3 b 3 subcomplex to follow the rotation of the central stalk (Collinson et al, 1996; Walker and Kane Dickson, 2006) . In bovine mitochondria, the peripheral stalk consists of single copies of subunits OSCP (oligomycin sensitivity conferral protein), b, d and F 6 (coupling factor 6; Collinson et al, 1994 Collinson et al, , 1996 . It has been visualised by electron microscopy of the intact enzyme in negative stain (Karrasch and Walker, 1999) , as has the peripheral stalk in the bacterial and chloroplast F-ATPases (Böttcher et al, 1998; Wilkens and Capaldi, 1998) . The subunit compositions of the bacterial and chloroplast F-ATPases differ substantially from those of the mitochondrial enzyme, being composed of one copy of subunit d (homologous to the OSCP) and either two copies of subunit b in some eubacteria or of single copies of the homologous subunits b and b 0 in photosynthetic bacteria and chloroplasts (where subunits b and b 0 are usually known as subunits I and II, respectively).
The overall structure of the bovine F-ATPase has been determined to 32 Å resolution by electron cryomicroscopy of single particles (Rubinstein et al, 2003) . By docking highresolution structures of the F 1 domain (Abrahams et al, 1994; Gibbons et al, 2000) and of the F 1 domain with the attached c-ring (Stock et al, 1999) into this overall structure, an accurate outline structure of the peripheral stalk has been obtained. As expected, it extends from the top of the a 3 b 3 subcomplex, along its external surface. Then, it reaches down about 45 Å to the membrane surface into the membrane domain, which it penetrates and traverses alongside the c-ring:subunit a subcomplex. A number of detailed features have been located within this outline structure. The structure of the N-terminal domain of the OSCP (residues 1-120), a bundle of six a-helices, has been placed on top of the F 1 -domain using biochemical data that showed that this domain interacts with the N-terminal regions of a-subunits (Hundal et al, 1983; Walker et al, 1985) . These N-terminal regions of a-subunits are exposed on the top of the bovine a 3 b 3 subcomplex, and also in the enzyme from Escherichia coli (Dunn et al, 1980) . Molecular details of the interaction of the domain with the N-terminal regions of a-subunits have been established in both the bovine mitochondrial and bacterial enzymes (Carbajo et al, 2005; Wilkens et al, 2005) . In Saccharomyces cerevisiae, the C-terminus of the OSCP lies about 90 Å along the surface of the a 3 b 3 subcomplex (Rubinstein and Walker, 2002) , and that of F 6 (subunit h) is in the vicinity of the surface of the membrane (Rubinstein et al, 2005) . The solution structure of bovine F 6 has also been established (Carbajo et al, 2004) . The isolated protein has a highly mobile and flexible structure consisting of two a-helices crossing at about 1201 in their centres where they pack together via a loose hydrophobic core. The helices are connected by an unstructured linker. It is unlikely that this structure represents the arrangement of the a-helices in the assembled enzyme (Carbajo et al, 2004) . It is much more probable that the protein has an extended structure where the helices lie in a more linear arrangement along the axis of the peripheral stalk (Rubinstein et al, 2005) .
Extensive studies of the arrangement of subunits in the bovine peripheral stalk have been carried out by in vitro reconstitution of recombinant subunits and their individual domains (Collinson et al, 1994) , and by deletion analysis (JA Silvester and JE Walker, unpublished results) . In these studies, a stable subcomplex of the peripheral stalk has been formed that consists of single copies of the OSCP, b 0 (residues 79-214; it lacks the N-terminal membrane spanning domain) d and F 6 . This subcomplex forms a 1:1 complex with F 1 -ATPase. Subunits b 0 and d form a stable dimer, and the C-terminal regions of the OSCP and b 0 interact (Collinson et al, 1994) . Most importantly, a subcomplex consisting of residues 79-184 of subunit b, residues 1-124 of subunit d and the whole of F 6 (76 residues plus an artificial initiator methionine residue) crystallised spontaneously (Silvester et al, 2006) . The quality of these crystals has been improved, and the structure of this subcomplex, which represents 54% of the membrane extrinsic region of the peripheral stalk, has been determined by X-ray crystallography. Together with the structure of the N-terminal domain of the OSCP, representing a further 21% of the peripheral stalk, this structure has been incorporated into the overall structure of the bovine F-ATPase. As discussed below, it provides new insights into the properties and function of the peripheral stalk, and it provides new opportunities to study those properties.
Results and discussion
Characterisation of the overexpressed peripheral stalk subcomplex The molecular masses of the proteins, both in the peripheral stalk subcomplex and in the subcomplex in which methionine residues had been substituted biosynthetically with selenomethionine, corresponded to the masses calculated from their sequences, assuming that the translational initiator methionine had been removed from the b and d fragments, and that it had been retained by F 6 (see Supplementary Table  I ). There was no evidence in the mass spectra of oxidised products in either preparation, nor of partial retention of methionine in the selenomethionine-substituted proteins.
Structure determination
The structure of the b 79-184 d 1-124 F 6 subcomplex was solved by multiple wavelength anomalous dispersion based on data to 3.2 Å resolution from crystals of the selenomethioninesubstituted subcomplex. A preliminary model of the subcomplex consisting of 225 amino acids (out of a total of 305) was built in the experimentally phased electron density map. This model gave a clear molecular replacement solution for the native crystals (which contained two copies in the asymmetric unit compared to the four copies in the selenomethionine crystals). Further model building and refinement against the 2.8 Å resolution native data resulted in a final model consisting of residues 79-183 of subunit b, 3-123 of subunit d and 5-70 of F 6 . The two non-symmetry-related subcomplexes are very similar in conformation (r.m.s. deviation in mainchain atoms 0.54 Å ) and they will not be distinguished in the following discussion. The final native structure was subjected to limited refinement against the selenomethionine data, to allow a comparison of the molecular conformations of the four copies in the selenomethionine crystals and the two copies in the native crystals. Data processing, phasing and refinement statistics are summarised in Table I , and a view of the electron density map is shown in Supplementary Figure 1 .
Structure of the subcomplex of the peripheral stalk
The structure of the subcomplex contains extensive regions of a-helix ( Figure 1 ). As summarised in Supplementary Table II, the presence and extent of these a-helical regions had been predicted rather accurately. The whole of the fragment of the b-subunit in the subcomplex forms a continuous curved a-helix about 160 Å long. Its N-terminal amino acid, residue 79 of the intact protein, is predicted from the hydropathic profile of the sequence of the subunit to be at the interface between the aqueous phase of the mitochondrial matrix and the inner surface of the inner mitochondrial membrane (Walker et al, 1987) , and so in the intact F-ATPase, the helix in subunit b will extend in an N-to C-terminal direction upwards from the membrane towards the F 1 -domain.
Residues 3-123 of subunit d are folded into five a-helical segments (residues 11-19, 24-44, 52-59, 64-78 and 85-122; see Supplementary Table II) linked by regions of extended structure. The fold of the protein is reminiscent of the shape of a paper clip. Its long axis is aligned with the long axis of the a-helix in subunit b, so that helix 2 lies parallel to residues 121-142 of subunit b, and helices 4 and 5 are antiparallel to residues 147-162 and 99-129, respectively. Thus, subunit d interacts with subunit b via a parallel and two antiparallel coiled-coil interactions in the vicinity of residues 99-162 of subunit b. It also interacts with the a-helix of subunit b via its extended regions (see Figure 1 ). The total buried surface area in the interface between subunits b and d is 2 Â 831.9 Å 2 . Subunit F 6 is folded into two a-helices (residues 8-24 and 34-51) linked by an extended region. Its N-terminal region (residues 5-7) and especially its C-terminal region (residues 52-70) also have extended conformations. The secondary structure of the F 6 -subunit in the subcomplex is very similar to that determined by solution studies of the isolated subunit (Carbajo et al, 2004) , but unlike this structure, where the a-helices (residues 7-22 and 34-51) cross over at an angle of about 1221 near their centres and interact via hydrophobic patches (residues 27-32 and 34-51), F 6 in the subcomplex has an elongated conformation. Instead of interacting with each other, the hydrophobic patches (residues F11, I15, Y18, and L39, L46, Y50) make the following interactions with subunit b: Y18-V177, L46-V161 and Y50-Y157. Residues F11 and I15 are exposed in the subcomplex, but in the intact peripheral stalk they may also form interactions with subunit b. In addition, the extended regions form specific interactions with the a-helix of the b-subunit, and the C-terminal helix of F 6 makes a parallel interaction with helix 4 of subunit d. The buried surface areas in b-F 6 and the d-F 6 interfaces are 2 Â 473.8 and 2 Â120.0 Å 2 , respectively. The observed conformation of F 6 is similar to the elongated arrangement predicted for this subunit in the intact peripheral stalk, where the N-terminus of the protein was proposed to be distal from the membrane with the C-terminus extending down towards the membrane surface (Rubinstein et al, 2005) . From the model of the subcomplex, the C-terminus of bovine F 6 would lie about 70 Å from the membrane surface, whereas the subunit equivalent to F 6 in the enzyme from S. cerevisiae (subunit h) is 16 amino acids longer. Some of the additional residues are probably in the region linking the two main a-helical regions, and others contribute to a longer C-terminal region following helix 2. Therefore, subunit h can extend down almost to the membrane surface, as demonstrated by electron microscopy (Rubinstein et al, 2005) .
Structure of the peripheral stalk in the F-ATPase complex
The peripheral stalk region of the 32 Å resolution structure obtained by cryo-electron microscopy of single particles of the intact enzyme complex (Rubinstein et al, 2003) was defined by docking into it the structure of the F 1 c 10 subcomplex of the F-ATPase from S. cerevisiae (Figure 2 ). The resulting unoccupied region of the three-dimensional mesh, representing the surface of the complex, is the peripheral stalk region, the membrane region of subunit b, subunit a and other minor membrane subunits (e, f, g and A6L). The structure of the peripheral stalk subcomplex was docked by eye into this residual region of the mesh. This docking procedure was constrained severely by the length, curvature and shape of the subcomplex, and also by the requirement to position residue 79 of subunit b close to the boundary with the inner surface of the inner mitochondrial membrane. In this region, the structure of the peripheral stalk determined by electron cryomicroscopy narrows markedly. The structure of the N-terminal domain of the OSCP was positioned in the region on top of the a 3 b 3 subcomplex, in close apposition with residue 184 at the C-terminal end of the fragment of subunit b in the peripheral stalk subcomplex (Figure 2 ).
With the exception of a few residues, which protrude from the surface of the mesh facing towards the F 1 domain (see Figure 3) , the structure fits the mesh remarkably well. In Figure 1 The structure of a subcomplex of the peripheral stalk of the F-ATPase from bovine mitochondria. The structure consists of residues 79-183 of subunit b, residues 3-123 of subunit d and residues 5-70 of F 6 , shown in magenta, orange and green, respectively. Their N-and C-terminals are indicated. addition, three local regions of the mesh are not occupied by the structure ( Figure 3A) . The first region (denoted by I in Figure 3 ), which lies on the outer surface of the curved part of the structure between subunits b and F 6 , is likely to be the site occupied by the C-terminal domain of the OSCP (residues 121-190). It is predicted to form a mixed a-b structure . Its size is compatible with the size of the unoccupied space, and its location is consistent with that of the C-terminus of the OSCP in the F-ATPase from S. cerevisiae estimated by electron microscopy (Rubinstein and Walker, 2002) . The second unoccupied space in the mesh (denoted II in Figure 3A ) lies in a region facing the surface of the F 1 domain, where subunits b, d and F 6 all come together. This space is likely to contain part of residues 185-214 of subunit b. This region of subunit b (residues 185-214) is predicted to form a turn from residues 185-187 followed by a second a-helix from residues 188-204 probably antiparallel to the long a-helix (see Figure 3B) . The third space (III in Figure 3A ) is likely to be the site occupied by part of residues 124-160 of subunit d in the peripheral stalk in the intact F-ATPase. This region is predicted to be folded into an a-helix from residues 132-138 followed by an extended region (residues 139-160), and because the constriction of the mesh towards the membrane surface seems to be capable of accommodating only the single a-helix of the b-subunit, the chain of the d-subunit must turn back on itself in the deleted region ( Figure 3B ). These additional modelled regions account reasonably well for the unoccupied regions of the mesh. This proposal is supported by a study of the interactions between the subunits using peptide arrays, which suggests an interaction between subunit d at a site in the vicinity of residues 100-160 and the C-terminal region of subunit b (V Kane Dickson and JE Walker, unpublished work).
At present, there is only limited information about the structure of the enzyme in the region below the point where the peripheral stalk enters the membrane. The long a-helix in subunit b is predicted to continue unbroken across the membrane (see Supplementary Table II) . A turn and a second transmembrane a-helix are predicted for residues 48-54 and 33-47, respectively, and the N-terminal region (residues 1-30, where residues 19-26 are probably a-helical) is exposed in the mitochondrial matrix . Each of bovine subunits e, f, g and A6L probably contains a single membrane spanning a-helix, but the locations of their N-and C-termini in either the inter-membrane space or the matrix are not known with certainty. In S. cerevisiae, the N-terminus of subunit f is in the mitochondrial matrix and its C-terminus is in the intermembrane space (Roudeau et al, 1999) . On the basis of crosslinking experiments, the a subunit in the E. coli F-ATPase has been proposed to form five transmembrane a-helices (Fillingame et al, 2003; Zhang and Vik, 2003) . Helix 4 in the E. coli model contains R210 that is involved in proton translocation across the membrane (Fillingame and Dmitriev, 2002) , and so these helices must be part of an interface with the ring of c-subunits, which contain an acidic amino acid side chain (D61) that also forms part of the proton translocation pathway. Currently, there is no other information about how the a-helical regions in the membrane domains of the various subunits interact with each other.
Comparison of peripheral stalks in F-ATPases
The similarities in sequences and subunit compositions of the F-ATPases in eubacteria, mitochondria and chloroplasts indicate that the structures of their F 1 and F o domains are closely related, and it is likely that the peripheral stalks will be similar also. The similarity between the structures and function of the mitochondrial OSCP and the bacterial and chloroplast d-subunits is clear in their sequences, in the structures of their N-terminal domains and in their mode of binding to a-subunits. Similarities in predicted secondary structures of their C-terminal domains indicate that their C-terminal regions are likely to have related structures also, and this similarity is likely to extend to the mode of interaction of these C-terminal domains with other subunits in their peripheral stalks. The subcomplex of b 0 (the extrinsic domain of mitochondrial subunit b), subunit d and F 6 is replaced in eubacteria and chloroplasts by the extrinsic domains of either a homodimer of b-subunits or heterodimer subunits (known as b and b 0 ) of unknown structures. Three domains have been defined in the extrinsic region of subunit b in E. coli. They are the 'd-subunit interaction domain' at the C-terminal end, preceded by the 'dimerisation' and 'tether' domains (Dunn et al, 2000) . The dimerisation domain is capable of forming an a-helical coiled-coil. It has been proposed to make a right-handed coiled-coil (Dunn et al, 2000) , but the crystal structure is a monomeric a-helix (Del Rizzo et al, 2002) . It is unlikely that a homodimer of bacterial b-subunits can adopt a structure that is similar to the region of the mitochondrial peripheral stalk that contains the interacting b-and d-subunits, which contain both parallel and antiparallel coiledcoils. Thus, although there are clear structural similarities between F-ATPases from various sources, from the available evidence it appears that the structure of a large part of the peripheral stalk has not been conserved.
The N-terminal regions of the bacterial and chloroplast b-subunits traverse the membrane once via a-helical regions (Dmitriev et al, 1999) . These two parallel a-helices interact with the a-subunit, and the two antiparallel a-helices in the mitochondrial b-subunits are likely to do so also, as crosslinking experiments suggest (Velours et al, 2000) .
Properties and role of the peripheral stalk
The unit cells of the crystals of the native and selenomethionine-substituted subcomplexes of the peripheral stalk complex contain six non-symmetry-related complexes that are subject to different crystal packing interactions. For example, in some copies (Supplementary Figure 2) , there are additional crystal contacts at the ends of the a-helix in subunit b. Nonetheless, their structures are very similar with r.m.s.d. values between the main-chain carbon atoms of 0.5-1.4 Å . These close structural similarities between the six complexes suggest that the peripheral stalk in the mitochondrial F-ATPase is a rather inflexible structure consisting of a single unbroken curved a-helix in the b-subunit, which is supported and augmented throughout most of its length by close interactions with both a-helical and extended regions in subunits d and F 6 . These interactions bury 60% of the surface area of subunit b in the subcomplex, and in the intact peripheral stalk, the buried area of the membrane extrinsic region of subunit b will be significantly higher. The proposed interactions of the upper extremity of this a-helix with the C-terminal region of the b-subunit and with the C-terminal domain of the OSCP will add to its inflexibility. Only the lower part of the long a-helix in the structure, from residues 79 to 99 immediately above the region where it enters the membrane, seems to lack support from other subunits. However, it is possible that support is provided for this exposed region by the N-terminal region of subunit b from residues 1-30 or by regions of subunits e, f and g that are exposed in the mitochondrial matrix. At the top extremity of the peripheral stalk, a groove between helices 1 and 5 in the N-terminal domain of the OSCP interacts with a region that includes most or all of residues 1-12 in the N-terminal region of a single a-subunit of the a 3 b 3 subcomplex of the F-ATPase (Carbajo et al, 2005) . In the enzyme from E. coli, the equivalent interaction has been estimated to be sufficiently strong to resist the torque of 50 kJ/mol generated by the rotary action of the enzyme (Weber et al, 2002) , which might imply that there is no requirement for specific interactions between the surface of the peripheral stalk and the external surface of the F 1 domain. The surfaces of both the bovine F 1 -ATPase and the peripheral stalk structure are both predominantly hydrophilic, and there is no evidence for complementary hydrophobic or charged regions that could form specific interactions between the two surfaces.
This emerging picture of a rather inflexible mitochondrial peripheral stalk connecting the top of the F 1 domain and the membrane domain by the shortest route is entirely compatible with its role as a stator, preventing the a 3 b 3 subcomplex from following the rotation of the central stalk. The apparent rigidity of the peripheral stalk subcomplex suggests that it may also be important for maintaining the integrity of the interface between the a-subunit and the rotating ring of c-subunits by acting as clamp keeping the a-subunit and c-ring in contact, thereby maintaining the integrity of the proton channel in the interface between them. A similar role has been proposed for the b-dimer in the bacterial enzyme (Ono et al, 2004) .
This model of the mitochondrial stalk is radically different from extant models of the peripheral stalk in bacterial and chloroplast F-ATPases where it is considered to be a flexible structure, resembling a rope. These properties are inferred from the ability to shorten the extrinsic region of the b-subunit in the E. coli enzyme by making deletions up to 11 residues (Sorgen et al, 1998) , to lengthen it by making insertions up to 14 residues (Sorgen et al, 1999) and to co-assemble one shortened b-subunit with a wild-type subunit (Grabar and Cain, 2003) without affecting the activity of the enzyme. However, the effects of these changes on the structure and physical properties of the bacterial peripheral stalk are not known. Moreover, mutation of residues in the dimerisation domain of the E. coli subunit b affected both dimerisation and enzyme function negatively (Cipriano et al, 2006) . The possible importance of subunit b as a flexible elastic link for delivering torque more smoothly during ATP synthesis or hydrolysis, and so improve the efficiency of the enzyme, has been proposed on theoretical grounds (Oster and Wang, 2000) , and the possible role of an elastic peripheral stalk for transient storage of energy between steps in the rotary motion of the enzyme has been discussed (Cherepanov et al, 1999) , as has a similar role for the central stalk (Ma et al, 2002) and even the c ring itself (Meier et al, 2005) . The structure of the mitochondrial peripheral stalk and the availability of various subcomplexes of it purified from recombinant sources should allow their bending, stretching and compression modes of elastic deformation to be measured directly in biophysical experiments. This should reveal the site or sites of transient storage of torsional energy during rotational catalysis.
Materials and methods
Expression, purification, characterisation and crystallisation of the subcomplex of the peripheral stalk The recombinant expression, purification and crystallisation of the bovine peripheral stalk subcomplex are described elsewhere (Silvester et al, 2006) . The subcomplex in which methionine residues were replaced by selenomethionine was produced by growing the cells of E. coli C41 (DE3) containing the expression plasmid in defined medium lacking methionine, but containing selenomethionine (van den Ent and Löwe, 2000) . The level of expression was ca. 10 mg/l. It was purified as described for the native complex except that the concentration of dithiothreitol in buffers was 5 mM.
The purified subcomplex was analysed by SDS-PAGE, and proteins were stained with Coomassie brilliant blue R-250. Protein bands were digested with trypsin and analysed by peptide massmapping in a Micromass TofSpec 2E mass spectrometer (Carroll et al, 2003) . The subunits in the purified complex were separated by reverse-phase chromatography on a column of Aquapore RP-300 (1.0 Â100 mm) in 0.1% trifluoroacetic with a gradient of acetonitrile. The eluate was introduced directly into a Quattro Ultima (Micromass) triple quadrupole instrument. A solution (10 ml) of the selenomethionine-labelled subcomplex (16-18 mg/ml) was diluted 150-fold in 50% acetonitrile containing 1% formic acid, and injected directly into a Q-TOF (Micromass) quadrupole-time of flight instrument via a nanospray interface. Positive ion spectra of both the native and selenomethionine-substituted subcomplexes were recorded over the mass to charge range 600-1800.
A native data set was collected from a crystal grown in the standard buffer plus 17.0% polyethylene glycol (PEG) 5000 monomethylether (MME) (w/v) and 1.0% g-picoline (v/v). These crystals have two copies of the subcomplex in the asymmetric unit. Derivative data were collected from a crystal of the selenomethionine-substituted subcomplex grown under the same conditions, with 14.5% PEG 5000 MME except that the additive used was 0.9% thioxane and 5 mM dithiothreitol was present in the buffer. The cell dimensions of the Se-Met crystal were different from those of the native crystal (Table I) , and they correspond approximately to a doubling of the a-axis of the unit cell. The Se-Met crystal contains four copies of the subcomplex in the asymmetric unit, and it also exhibited weaker and more anisotropic diffraction.
Data collection and structure determination
All X-ray diffraction data were collected from flash-frozen cryoprotected crystals at the European Synchrotron Radiation Facility, Grenoble, France. The native data were collected at a wavelength of 1.771 Å on beamline ID23eh1 using a MarMosaic 225 CCD detector from a crystal that had been exposed to xenon at a pressure of greater than 15 bar in an attempt to obtain a derivative. Subsequently, no xenon substitution was detected. The Se-Met data were collected at two wavelengths (peak and remote) on beamline ID29 using an ADSC Q210 CCD detector. Diffraction images were integrated with MOSFLM (Leslie, 1992) and further data reduction carried out with SCALA (Evans, 1997) and TRUNCATE (French and Wilson, 1978) .
The selenium sites were located using SHELXD (Schneider and Sheldrick, 2002) and refined with SHARP (Bricogne et al, 2003) , and the resulting electron density was improved with SOLOMON (Abrahams and Leslie, 1996) as implemented in SHARP. The effective resolution of the phasing was 3.6 Å . Averaging the four independent copies of the subcomplex did not improve the quality of the electron density significantly, because of deviations from exact non-crystallographic symmetry. The known positions of the selenium sites and the helix-build utility of ARP/wARP (Perrakis et al, 1999; Morris et al, 2004 ) facilitated building a model of one of the four copies of the subcomplex using O (Jones et al, 1991) . The resulting model, consisting of 225 amino acids, was used to perform molecular replacement with the native data set, using the program Phaser (McCoy et al, 2005) . The higher resolution of the native data allowed the model to be extended, and alternate rounds of rebuilding and refinement including non-crystallographic symmetry restraints were carried out with REFMAC5 (Murshudov et al, 1997) . The stereochemistry of the refined model was analysed with the program PROCHECK (Laskowski et al, 1993) . There are no residues in disallowed regions of the Ramachandran plot, and 90.3% lie in the most favoured regions.
In order to be able to compare the structures of the Se-Met and native subcomplexes, the final native model was placed in the Se-Met unit cell, using the program AMoRe (Navaza, 1994) . A phased translation function (based on the Se-Met experimental phases) was required to position the model correctly, presumably because of the pseudo-translational symmetry of the Se-Met crystals. Limited rigid-body refinement of this model was carried out by dividing the complex into five rigid groups. The final R free value for this model was 37.0%. The refined coordinates were used to compare the NCS copies to those of the native form.
Images of three-dimensional structures and electron density maps were generated with the program PyMOL (DeLano, 2002) .
Deposition of coordinates
The atomic coordinates and structure factors have been deposited in the Protein Data Bank (PDB code 2CLY).
Interpretation of a low-resolution model of the F-ATPase
The coordinates of the structure of the subcomplex were fitted by eye with PyMOL into the electron density map of the bovine F-ATPase obtained by averaging single particles observed by electron cryo-microscopy (Rubinstein et al, 2003) .
Supplementary data
Supplementary data are available at The EMBO Journal Online. Values quoted for the Cullis R factor and phasing power are for acentric reflections only.
